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Plant-pathogen interactions, particularly those involving biotrophic parasites, are governed by specific interactions between pathogen avirulence (avr) gene loci and alleles of a corresponding plant disease resistance (R) locus. When corresponding R and avr genes are present in both host and pathogen, the result is disease resistance. If either is inactive or absent, disease results (9, 18) . During incompatible plant-pathogen interactions, recognition of a potential pathogen often results in a hypersensitive response (HR), with the activation of programmed cell death (PCD) at the site of the attack designed to halt the spread of the pathogen. During an HR, a small set of cells close to the infection site undergoes rapid PCD, usually within 12 to 24 h of inoculation (20) . This HR is characterized by numerous physiological and molecular changes, such as depolarization of the plasma membrane, changes in respiration rates, the production of nitric oxide (NO) and reactive oxygen species (ROS), an oxidative cross linking of various cell wall compounds, and the production of pathogenesis-related (PR) proteins (7, 16) . ROS such as hydrogen peroxide (H 2 O 2 ), superoxide (O 2 -), hydroxyl radical (OH -), and singlet oxygen control many different processes in plants, such as growth, the cell cycle, PCD, hormone signaling, biotic and abiotic stress responses, and development (19, 21, 30) .
Sunflower, an important oilseed crop, is attacked by the oomycete Plasmopara halstedii, which causes downy mildew and yield losses of ≤85% (11) . P. halstedii is an obligate parasite and there are significant numbers of physiological strains that can be distinguished by their differential virulence on sunflower genotypes (14, 40, 46) . Control of this disease in sunflower is achieved mainly by genetic resistance that is conditioned by major genes denoted Pl (for Plasmopara). In the field, these Pl genes are sufficient to provide complete, dominant, and race-specific resistance.
Microscopic observations showed that both susceptible and resistant sunflower lines can be invaded by P. halstedii (27) . However, ≈5 days after root infection, an HR develops within the hypocotyls of both types I and II of resistant plants, and the fate of the infection depends on both the R gene in the host and the avr gene in P. halstedii. Mouzeyar et al. (28) described two types of resistance. In plants with type I resistance, the pathogen is restricted to the basal area of the hypocotyls whereas, in plants with type II resistance, the hypocotyls could be completely invaded and the cotyledons are reached by the pathogen although, in most cases, the pathogen does not reach the true leaves (27, 28) . This so-called cotyledon limited infection (CLI), characteristic of type II resistance, was first described by Gulya et al. (14) and Sackston (43) and is a general phenomenon found in sunflower-P. halstedii interactions.
Four genes involved in resistance to P. halstedii have been reported: (i) the Pl 1 /Pl 6 genes on linkage group (LG) 8 (6, 10) , (ii) the Pl 5 /Pl 8 genes on LG13 (35, 36) , (iii) the Pl Arg gene on LG1 (8) , and (iv) two newly mapped genes (Pl 13 and Pl 14 ) on LG1 independent of the Pl Arg gene (4, 8, 29) . In recent work, Radwan et al. (37) identified more R gene candidates (RGCs) related to the two clusters of downy mildew resistance on LG8 that belong to the Toll/interleukin-1 receptor (TIR) nucleotide-binding site leucine-rich repeat (NBS-LRR) class and on LG13 that belong to the coiled-coil (CC)-NBS-LRR class.
Interestingly, resistance to the same race of P. halstedii seems to be governed by genes belonging to different classes of plant R genes; however, the molecular and cellular bases of these resistances have never been extensively compared. Therefore, sunflower lines harboring different clusters that confer resistance to the same race of P. halstedii have been used to compare and to find out the distinctions between them using cellular and molecular approaches. The inoculum of P. halstedii pathotype (P) 300 was originally obtained, as a kind gift, from Dr. T. Gulya (USDA-ARS, Fargo, ND). P 300 was used in this study for two reasons: (i) this pathotype is widely spread in North America and Europe and (ii) it was used in an earlier study to characterize type II resistance (38, 39) . Infection procedures and the conditions prevailing in the growth chambers were as described by Mouzeyar et al. (27) and Radwan et al. (39) . Briefly, sunflower seed were surface sterilized with 10% hypochlorite solution following by washing several times in water and then were allowed to germinate for 48 h at 24°C. Roots of 2-day-old seedlings were then infected by immersing the entire seedling in 10 ml of a suspension containing 5 × 10 4 zoosporangia ml -1 . Five hours later, the zoosporangia suspension was removed and the seedlings were transferred to the growth chamber in a tray containing sterile soil-less growing medium (Sunshine Mix, LC1; Sun Gro Horticulture Inc., Bellevue, WA). The growth conditions were 18 ± 1°C; a light-and-dark cycle of 16 and 8 h, respectively; and light intensity of ≈200 µE m -2 s -1 . Control plants underwent the same procedures, except that sterile water replaced the zoosporangia suspension. Samples from hypocotyls and cotyledons of infected and mock-infected plants were collected separately at 1.5, 3, 6, 9, 12, and 15 days postinfection (dpi). Each collected sample consisted of eight cotyledons or hypocotyls from different plants. The experiments were repeated three times on different dates using new preparations of P. halstedii inoculum to obtain three independent biological replications. In addition, three technical replications of each biological replicate were carried out. Error bars representing standard errors estimated from three biological replicates were calculated from standard deviations.
MATERIALS AND METHODS

Plant
RNA manipulations and reverse-transcriptase polymerase chain reaction procedures. Total RNA was separately extracted from the entire hypocotyls and the cotyledons of the five lines that were used in this study using a TRIzol kit (Invitrogen, Carlsbad, CA) and Phase Lock Gel (Brinkmann Instruments, Inc., Westbury, NY) according to the manufacturer's protocol, followed by a chloroform extraction. Further cleanup was performed using the RNeasy mini kit (Qiagen, Valencia, CA). All of the RNA samples were checked with a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA) to verify that RNA had not degraded. The concentration of total RNA was determined with a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Total RNA was treated with DNase I (Invitrogen) to remove genomic DNA contamination. DNase-treated RNA (2 µg) was reverse transcribed using the SuperScript III First-Strand Synthesis System for reverse-transcriptase polymerase chain reaction (RT-PCR) (Invitrogen). A "minus" RT-PCR reaction was used to test each RNA sample for genomic DNA contamination. For this, no RT enzyme was added during the cDNA synthesis reaction.
Measurement of gene expression for defense and signaling components. The transcriptional expression of each gene was analyzed using real-time PCR, except for P. halstedii Ph-tef1, for which duplex semiquantitative PCR was used. For real-time PCR, cDNA was diluted to a final concentration of 30 ng/µl and 2 µl was used in a 20-µl PCR mix containing 8.9 µl of Brilliant QPCR Master Mix (catalog number 600549; Stratagene, Cedar Creek, TX) and 0.2 µM each primer. A standard PCR program was carried out under the following conditions: an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C, This study a PR5 = pathogenesis related protein 5; Ph-tef1 = elongation factor of P. halstedii; Actin = internal reference gene of sunflower; and HA-NTIR11, PU3, RGC203, and RGC151 = sunflower resistance gene candidates used in this study. b F = forward primer and R = reverse primer. All primers were derived from sunflower sequences except Ph-tef1, which was derived from a P. halstedii sequence. c Predicted melting temperature of each primer pair. d Amplicon size for each primer pair. e GenBank accession number of each gene. 20 s at the predicted melting temperature (Table 1 ), and 30 s at 72°C. After each run, a dissociation curve was acquired to check for amplification specificity by heating the samples from 60 to 95°C. In addition, PCR products were sequenced to verify that the correct amplicon was being produced. The real-time PCR data were analyzed using the ΔΔ cycle threshold method mathematical model (24) , which establishes the change in magnitude of target gene transcription in plants subjected to different treatments (i.e., infected) relative to transcription levels in control plants (mockinfected) after normalization using transcription levels of the Actin housekeeping gene (44) . Because sunflower has an ef-1α elongation factor, specific primers from the P. halstedii expressed sequence tag (accession number CB174619) were designed to amplify a cDNA fragment from a P. halstedii that lacks homology with the sunflower ef-1α elongation factor (AAM19764). Semiquantitative PCR was carried out under the same conditions as real-time PCR but no dissociation curve was acquired. The amplification products of PCR after 40 cycles were separated on Trisborate-EDTA-agarose gels (2%), which were subsequently stained with ethidium bromide (0.5 mg ml -1 ). The primers were designed using Primer 3.0 software (42) , and the target product size of each primer pair is indicated in Table 1 . To amplify specific fragments from sunflower RGCs (HA-NTR11, PU3, RGC203, and RGC151), primers (Table 1) were designed from the 3′ untranslated region of each RGC. Three biological and three technical replicates were conducted on every comparison between control and infected tissues.
Microscopic observations. Sections from sunflower hypocotyls and cotyledons were fixed in formalin-acetic acid-ethanol (5:5:90 by volume). Free-hand sections of infected and noninfected tissues were mounted on glass slides as described by Mouzeyar et al. (28) and recorded using light microscopy provided by Axio cam HRC (Zeiss Digital Camera, New York). Aniline blue staining (47) was used to detect the pathogen.
Rapid amplification of cDNA ends PCR procedure. SMART rapid amplification of cDNA ends (RACE) cDNA amplification (Clontech, Palo Alto, CA) was used to amplify the 5′ and 3′ ends of RGC203 and RGC151. Gene-specific and nested gene-specific primers (Supplemental Table 1 ) were designed based on the partial sequences (754 and 1,139 bp) of RGC203 and RGC151 (accession numbers DY904497 and EL455330, respectively). The 5′ and 3′ cDNAs were produced using 2 µg of total RNA isolated from line 29004 (RGC203) and line RHA419 (RGC151). Diluted cDNA (2 µl; 1/10) was used as a template for the first PCR round; then, the PCR products were diluted 3/10, and 10 µl was used as a template for the nested PCR. PCR reactions (50 µl) contained 1 µl of Taq DNA polymerase (Advantage 2; Clontech), 1× Taq polymerase buffer, 0.2 mM dNTPs, and 0.2 µM each primer. Amplification was carried out under the following conditions: for the first PCR, an initial denaturation at 95°C for 5 min was followed by 35 cycles of 95°C for 10 s, 65°C for 30 s, and 72°C for 3 min; and, for the nested PCR, an initial denaturation at 95°C for 5 min was followed by 40 cycles of 95°C for 10 s and 68°C for 4 min. The amplified products were cloned into a pCR4-TOPO vector (Invitrogen) and sequenced. Four clones each from the 5′ and 3′ ends of the RACE-PCR were chosen randomly and sequenced on both strands. To amplify the full length of these two RGCs, specific primers were designed based on the sequences of the 5′ and 3′ ends of RGC203 and RGC151. The forward primer contained the initiation codon (ATG) and the reverse primer was complementary to bases located prior to the poly (A) + tail. The same cDNA template, dilution, and PCR conditions were applied as above except for the annealing temperature, where 60 and 66°C were used for first and nested PCR, respectively. In addition, an extension temperature of 72°C for 6 min was added to both first and nested PCRs. The amplified products were cloned into a pCR4-TOPO vector (Invitrogen), and two clones were completely sequenced.
DNA sequence analysis. The nucleotide and amino acid sequences were compared with sequences in the GenBank database using the BLAST analysis program (2) . The sequences were aligned using the CLUSTAL X software with default options (45) , and the resulting alignments were shaded using GENEDOC software (31) . A neighbor-joining tree was produced from analyses of NBS amino acid similarity of RGC203 and RGC151 with those of other R protein matrices using bootstrap resampling (k = 1,000 permutations). A phylogenetic tree was made using MEGA 3.1 (http://www.megasoftware.net/).
RESULTS
Susceptible and resistant hosts could be invaded by the pathogen. Five sunflower lines that differentially react to P. halstedii were used in this study. HA89 is a susceptible line. HA335 and RHA419 have type I resistance to P 300. RHA340 and 29004 have type II resistance to P 300. Macroscopic observation from susceptible plants (HA89) showed normal downy mildew symptoms such as stunting, leaf chlorosis, and fungal sporulation in cotyledons and leaves (Fig. 1A, column 1) . In both types of resistance, the infected plants show neither stunting nor chlorosis, and they appear virtually healthy. In type II resistance, the plants showed necrosis initiation with slight parasite sporulation on some cotyledons (Fig. 1A, column 3 ) whereas, in type I resistance, neither sporulation nor necrosis were observed (Fig. 1A, column 2) . The susceptible plants (HA89) and both types of resistant plants were all invaded by P. halstedii but, ≈5 to 6 days after root infection, an HR developed within the basal region of the hypocotyls in both types of resistance. Although the HR can extend halfway along the hypocotyls in type II resistance, the susceptible response is characterized by the absence of such a reaction ( Fig. 2A, column 1) . Microscopic sections from the basal region of hypocotyls from both the susceptible and the two types of resistant plants were examined at 9 dpi with P. halstedii. In the compatible reaction, intercellular hyphal growth with abundant haustoria and an absence of necrotic parenchyma cells was apparent in the hypocotyls (Fig. 2A,  column 1) whereas, in the incompatible combination of both types of resistance, the parenchyma cells penetrated by haustoria had undergone cell death ( Fig. 2A and B, columns 2 and 3) . To follow the progress of the pathogen toward the cotyledons, microscopic sections from middle and upper parts of hypocotyls from susceptible and resistant lines (RHA419 and 29004 are not shown) were examined following infection by the pathogen at 12 and 15 dpi, respectively. Microscopic observations of the hostpathogen interactions indicated the presence and absence of the pathogen for susceptibility and type I resistance, respectively, while type II resistance is characterized by a collapse of some cells, indicative of an HR (Fig. 2C and D, column 3) . Semiquantitative PCR detected P. halstedii in hypocotyls of susceptible and type I and II resistant plants (Fig. 2E, columns 1, 2, and 3) . The pathogen was detected in the hypocotyls of susceptible and type II-resistant plants 1.5 to 15 dpi whereas, in type I resistance, it was detected 1.5 to 9 dpi. Semiquantitative PCR (Fig. 2E) reflected the abundant growth of the pathogen in the susceptible line and substantially less growth of the pathogen in the type IIresistant lines.
P. halstedii can reach the cotyledon of type II-resistant plants. The morphological observations of cotyledons (Fig. 1A) , microscopic examination (Fig. 1B and C) , and semiquantitative PCR (Fig. 1D) provide evidence that the pathogen reaches the cotyledons of susceptible and type II-resistant plants. Hyphal growth with abundant haustoria and an absence of necrotic parenchyma cells was apparent in the cotyledons of susceptible plants at 12 and 15 dpi (Fig. 1B and C, column 1) . Microscopic examination of sections from cotyledons of type I-and II-resistant plants, at 12 and 15 dpi, confirmed an HR in the case of type II resistance, whereas the cells appeared normal in the case of type I resistance (Fig. 1B and C, column 2) . In type II resistance, cotyledon cells close to the hyphae showed a collapse indicating an HR (Fig. 1B and C, column 3) . Primers specific for the Ph-tef1 elongation factor of P. halstedii (Fig. 1D) confirmed the presence of the pathogen in the cotyledons of susceptible and type II-resistant plants. The pathogen reached the cotyledons of susceptible plants early (6 dpi) , and then its growth increased gradually until 15 dpi. On the other hand, the pathogen did not reach the cotyledons of type II-resistant plants until 12 dpi and then its growth decreased by 15 dpi. Thus, once again, these results suggest that pathogen growth differs according to the host-pathogen combination.
Molecular characterization of RGC203 and RGC151. Two gene-specific primer pairs were designed from the partial sequence of RGC203 (accession number DY904497) and RGC151 (accession number EL455330) to facilitate isolation of the fulllength cDNA sequences. Four clones of each of the 5′ and 3′ ends were randomly chosen and sequenced. The partial sequences of the four 3′-end clones indicated that there are putative stop codons before the poly (A) + tail. To amplify the full-length cDNA of RGC203 and RGC151, the sequences of the 5′ and 3′ ends of the RACE-PCR products were used to design specific primers. A single band produced by long-distance PCR for each RGC was cloned and sequenced. The full sequences of two clones from each RGC revealed that RGC203 and RGC151 cDNAs contain 3,233 bp (accession number GU085220) or 3,409 bp (accession number GU085221), with one open reading frame encoding 949 and 1,021 amino acids, respectively. The amino acid sequence predicted from RGC203 was divided into three domains (Supplementa1 Figure 1) . The first is a CC domain (amino acids 1 to 179). The second domain is an NBS (amino acids 180 to 467) region. The third domain is an LRR, and includes the C terminus (amino acids 468 to 949). Several LRR motifs were detected in 2 . Morphological, cellular, and molecular differences between hypocotyls of the sunflower susceptible line (HA89) and plants with type I (HA335) and type II (RHA340) resistance to Plasmopara halstedii. A, Hypersensitive reaction (HR) is extended on hypocotyls of RHA340 (type II) while restricted to the basal part of hypocotyls in the case of type I; no such reaction was observed in susceptible hypocotyls. B, C, and D, Boxes corresponding to basal, middle, and apex parts of hypocotyls, respectively. Sections were microscopically examined from the basal region of hypocotyls at B, 9 days postinfection (dpi); B, the middle part at 12 dpi; and D, the apex part of hypocotyls at 15 dpi. Arrows indicate that P. halstedii haustoria in a compatible reaction and the HR in an incompatible combination. All size bars are 20 µm except for the susceptible B and C (column 3), which are 10 µm E, Semiquantitative polymerase chain reaction (PCR) was used to detect the Ph-tef1 gene of P. halstedii (higher band, 331 bp) in hypocotyls of susceptible and type I and II resistant plants. Actin (lower band, 129 bp) was used as an internal reference to quantify sunflower cDNA. M= DNA ladder (Invitrogen, Carlsbad, CA), C = control, and numbers = 1.5 to 15 dpi. Microscopic observation and semiquantitative PCR are derived from one representative experiment of three independent biological replications. this region, including LRR1 (576 to 597), LRR2 (599 to 620), LRR3 (622 to 643), LRR4 (645 to 667), LRR5 (803 to 824), LRR6 (860 to 879), and LRR7 (881 to 903).
The amino acid sequence predicted from RGC151 was divided into three domains. The first is a TIR domain (amino acids 21 to 163). The second domain is an NBS (amino acids 205 to 489) region. The third domain is an LRR, and includes the C terminus (amino acids 490 to 1021). Several LRR motifs were detected in this region, including LRR1 (672 to 691), LRR2 (695 to 716), LRR3 (742 to 764), LRR4 (766 to 788), LRR5 (823 to 846), LRR6 (848 to 868), and LRR7 (871 to 896). RGC203 and RGC155 proteins were similar to sunflower RGCs and other R genes encoding NBS-LRR proteins (Supplemental Table 2 ) and they were 28% similar between them. RGC203 was 35 and 28% similar to the HA-NTIR11 RGC from sunflower (accession number AATO8955) and the Rp1 protein from maize (accession number AAP81261), respectively. The RGC151 protein shares similarity of 22 and 35% with the HA-NTIR11 RGC from sunflower (accession number AATO8955) and the N protein from tobacco (accession number BAB11635), respectively. A phylogenetic comparison of the NBS domains of these two RGCs with those of other R proteins (Fig. 3) revealed that the RGC203 protein belongs to a clade that contains the Ha-NTIR11 and Ha-NTIR3 RGCs (accession numbers AATO8955 and AATO8953) from sunflower, the Pot protein from black cottonwood (accession number XP_002335004), and R proteins Rp1 from maize (accession number AAP81262), Xa1 from rice (accession number BAA25068), and I2 from tomato (accession number AAD27815).
The RGC151 protein belongs to a different clade that contains the PU3 RGC from sunflower (accession number AALO7535); the RPS4, RPP5, and RPP1 proteins from Arabidopsis thaliana (accession numbers CAB53785, AAF08790, and AAC72977); and the N protein from tobacco (accession number Q40392).
Expression analysis of sunflower RGCs. Real-time PCR was used to detect the relative gene expression of sunflower RGCs following infection by P. halstedii. Total RNA was isolated from infected and uninfected hypocotyls of susceptible and resistant plants. The relative expression level of each RGC in hypocotyls of different sunflower lines is shown in Figure 4 . In general, all RGC transcripts are constitutively expressed in mock-infected tissues; however, the transcripts of RGC203 (Fig. 4A ) and HA-NTIR11 (Fig. 4B) were specifically enhanced in infected hypocotyls of lines 290004 and RHA340, respectively (type II resistance). This induction increased dramatically until 9 dpi, and then decreased to control levels at 12 dpi (Fig. 4A and B) . No enhancement of RGC203 and HA-NTIR11 transcripts was detected in hypocotyls of other lines (Fig. 4A and B) . On the other hand, no significant enhancement of RGC151 (Fig. 4C ) and PU3 transcripts (Fig. 4D ) was detected in infected or uninfected hypocotyls of all lines that were used in this study.
Resistance occurs over a longer portion of the hypocotyls in type II than in type I. Real-time PCR was used to detect the transcript accumulation of some defense and signaling-component genes. Induction of PR genes under biotic stress is a strong indicator that the plant resistance mechanisms have been triggered against an invading pathogen. In incompatible interactions, the PR5 transcript was induced at 3 dpi, reached its maximum accumulation at 6 dpi, and then decreased (Fig. 5) . However, the transcript accumulation of PR5 in type II resistance was five to six times higher than in type I resistance. On the other hand, a late (15 dpi) and weak transcript accumulation of PR5 was observed in the compatible interaction. The hsr203J sunflower homologue was induced at 1.5 dpi for both types of resistance. The transcript from this gene reached its maximum accumulation at 3 dpi in the case of type I resistance and then decreased by 6 dpi. In contrast, in type II resistance, it reached its maximum accumulation at 6 dpi and then decreased by 9 dpi. However, the level of transcript accumulation in the case of type II resistance was six to nine times higher than in type I resistance. No such induction of hsr203J transcript was detected in the case of a compatible interaction (Fig. 5) , indicating an absence of HR.
DISCUSSION
In sunflower, two types of resistance to P. halstedii have been reported (14, 27, 43) . In type I resistance, growth of the pathogen is limited to the roots and the lower part of the hypocotyls whereas, in type II resistance, the pathogen grows through the whole length of the hypocotyls and may sporulate on the cotyledons. In this study, five lines were selected that differentially react to P 300 of P. halstedii. HA89 is a susceptible line that was extensively used as a recurrent parent and susceptible line in many studies of downy mildew on sunflower (10, 26, 37) . HA335 and RHA419 are examples of lines that have type I resistance and RHA340 and 29004 are examples of lines that have type II resistance. P 300 sporulates heavily on cotyledons and true leaves of HA89, whereas no sporulation on true leaves was detected on resistant plants. Although RHA340 and 29004 lines permitted slight sporulation on cotyledons, with initiation of HR, no sporulation or HR was detected on cotyledons of the HA335 and HA419 lines. The observed symptoms on plants with type II resistance were characteristic of the so-called CLI (14, 43) , where the pathogen does not reach the true leaves (27, 28) . The compatible interaction between susceptible sunflower and P. halstedii was described in detail by previous researchers, who reported that the pathogen colonization became systemic after the primary infection started in the roots and then moved up to the hypocotyls (12, 27, 28, 39) . Phenotypic observations and the semiquantitative PCR data in the present study suggest that pathogen growth differs according to hostpathogen combinations, and that these differences can be successfully measured using semiquantitative PCR. The phenotype of type II resistance is characterized by a range of reactions that depend on which host genotypes and pathogen pathotypes are involved. The phenotype ranges from pathotypes that cause necrosis on the cotyledons, such as the P 300 that was used in this study, to pathotypes that produce little sporulation and hardly any necrosis (26, 36, 48) . It is interesting to note that type II resistance is effective against a large number of pathotypes. For example, the RHA340 line, which develops sporulation on cotyledons, is resistant to all known pathotypes (36) . It seems that type II resistance takes some time to be effective in the plant but is quite sufficient in the field (48) .
One of the main objectives of this study was to investigate the possible relations between the two types of resistance and differences in the sequence types and transcript accumulation in plants with the two types of resistance upon infection. In this study, the transcript accumulation of four sunflower RGCs was detected using real-time PCR. PU3 and HA-NTIR11 were previously described (6, 35) , while RGC203 and RGC151 were previously mapped to different locations of LG1 of sunflower (37) , and were associated with the corresponding Pl 14 (4) and Pl Arg (8, 49) downy mildew R genes, respectively. Amino acid sequence analysis of RGC203 and RGC151 revealed that these proteins belong to the CC-NBS-LRR and TIR-NBS-LRR classes of plant R genes, respectively, and have a high degree of similarity to other plant R proteins. The enhancement of transcription of RGC203 and HA-NTIR11 in infected hypocotyls of the 29004 and RHA340 lines may be characteristic of these lines to P 300. In contrast, no such induction of RGC151 and PU3 was detected in infected hypocotyls of lines that were used in this study. Plant disease R gene products appear to interact directly or indirectly with products of pathogen Avr genes (17, 18, 32) . Although the pathogen genes provide the ligands, R proteins employed as receptors and their genes are usually constitutively expressed at low levels to guarantee the presence of these receptors in the absence of pathogens, in order to rapidly detect the pathogen (18, 32) . However, the expression of some disease R genes was either induced or significantly enhanced upon pathogen infection (13, 15, 22, 38, 41, 51) . Both Ha-NTR11 and 203 RGCs (this study; 38) are constitutively expressed in mock-infected plants, with dramatically enhanced expression after P. halstedii infection, suggesting that the amount of the R-gene product may be important for type II resistance mediated by such genes. In type II-resistant plants, the pathogen grows through the entire hypocotyl, such that substantially more tissue is subjected to the infection and HR compared with type I resistance. Transcript expression of HA-NTIR11 and RGC203 during the defense response probably leads to an HR similar to that with the RPW8.1 and RPW8.2 genes, where their enhanced transcription via salicylic acid feedback is necessary to induce the HR in Arabidopsis infected by Erysiphe cichoracearum (50) . The induction of an HR in the upper part of plant hypocotyls (resistant type II) was demonstrated by microscopic examination and by hsr203j as a marker of HR induction. The hsr203J gene from tobacco is specifically activated during an HR (34) . Activation is rapid and occurs in various incompatible combinations involving tobacco and sunflower (34, 38, 39) . In addition, the current results point to initiation of the HR in cotyledons of plants with type II resistance after the tissue has been invaded by P. halstedii (Fig. 1C) . The HR observed on cotyledons of type II-resistant plants is microscopically visible (Fig. 1B and C) ; therefore, it seems that it is different from the micro-HRs that are difficult to observe microscopically and which are initiated as a systemic response (3).
In conclusion, in type I resistance, it seems that the constitutive expression of PU3 and RGC151 is enough to guarantee recognition (either directly or indirectly) of the products of pathogen Avr genes and to induce the HR, which is localized only in the basal part of the hypocotyls. In this case, the HR is strong enough to restrict the spread of the pathogen toward the upper part of the hypocotyls. On the other hand, in type II resistance, both an HR initiated as a consequence of direct or indirect recognition between the pathogen avr protein and host R protein (17) , and systemic acquired resistance initiated by a signal transmitted from the infected area of the hypocotyls (39) , are employed together to halt pathogen growth. Thus, the current results might validate our hypothesis about employment of two different resistance mechanisms by sunflower.
The cellular and molecular differences between the two types of sunflower resistance raise an interesting question about the molecular recognition between either type I or type II R and Avr proteins of P 300. Most plant R genes that have been isolated to date encode proteins which have NBS and LRR domains. The NBS region is preceded by either a CC domain or a so-called TIR domain (25) . The signaling pathways mediated by NBS-LRR R genes vary depending on which class of NBS-LRR is conditioning the resistance. For example, two different R-gene-mediated signaling pathways have been described in Arabidopsis-Hyaloperonospora parasitica interactions, depending on the type of R gene. The first involves the TIR-NBS-LRR class (e.g., RPP1 and RPP5), and requires enhanced disease susceptibility (EDS1) and phytoalexin-deficient (PAD4) functions to provide full resistance. The second pathway involves the CC-NBS-LRR class (e.g., RPP7, RPP8, and RPP13) and is independent of the function of EDS1, PAD4, NDR1, and PBS2 (1, 5, 23, 33) . In sunflower, sequences from the Pl 6 and Pl Arg genes belong to the TIR-NBS-LRR class (6; this work), whereas those from the Pl 8 and Pl 14 genes belong to the CC-NBS-LRR class (35; this work). Both the Pl6 and Pl Arg (TIR-NBS-LRR) and Pl 8 and Pl 14 (CC-NBS-LRR) clusters harbor R genes to sunflower downy mildew isolate P 300, the four sequences of sunflower that were mapped in different genomic locations and may confer resistance to isolate P 300 of the downy mildew pathogen. The complexity and independence of the four clusters facilitate selection for resistance to multiple pathotypes and the development of inbred lines and hybrids resistant to multiple pathotypes (37) . Because the HA335 and RHA419 lines carry sequences belonging to the TIR-NBS-LRR class of R proteins (6; this study) and the RHA340 and 29004 lines carry sequences belonging to the CC-NBS-LRR class (35; this study), genetic analysis is needed to confirm whether there is a correlation between the sequence types and sunflower resistance types. Because the N termini of sequences related to the Pl 6 and Pl Arg genes on one hand and to the Pl 8 and Pl 14 genes on another hand are different, it is possible that one or more effector proteins from P 300 of P. halstedii are recognized by two different R proteins of sunflower. These may have different mechanisms (e.g., different guard proteins) (17) , depending on the N terminus of the gene. It will be interesting to validate this attractive hypothesis by cloning genes conferring resistance to P 300, and then conducting biochemical experiments using techniques such as immunoprecipitation.
